Introduction
============

The syndrome of combined pulmonary fibrosis and emphysema (CPFE) is a recently described entity associating upper-lobe emphysema and lower-lobe fibrosis.[@b1-copd-9-805]--[@b5-copd-9-805] In pulmonary function, CPFE is characterized by relatively normal spirometric values with mild airflow obstruction and mild lung hyperinflation, severe impairment of gas exchange, and desaturation during exercise.[@b1-copd-9-805]--[@b5-copd-9-805] The relatively normal spirometric values observed in patients with CPFE are usually attributed to the counterbalancing effects of the restrictive defect of pulmonary fibrosis and propensity for hyperinflation seen in emphysema. Moreover, preserved airflow may also be explained by increased traction caused by pulmonary fibrosis, preventing the typical expiratory airway collapse seen in emphysema and contributing to stiffening/support of the small airways by peribronchial fibrosis, resulting in the preservation of forced expiratory volume in 1 second (FEV~1~).[@b6-copd-9-805] However, some patients with CPFE who show airflow obstruction defined as FEV~1~/forced vital capacity (FVC) \<70% following inhalation of β~2~-agonists are sometimes seen in clinical practice. It is unclear whether CPFE patients with airflow obstruction (CPFE OB^+^) have different clinical characteristics from CPFE patients without airflow obstruction (CPFE OB^−^) or not.

The pathology and imaging findings observed in patients with CPFE are heterogeneous.[@b2-copd-9-805] The relative contributions of the pathological changes of emphysema and fibrosis can vary among patients with CPFE. In imaging findings, CPFE occurs as the development of fibrosis superimposed on a known history of emphysema that may modify the disease progression in most cases.[@b7-copd-9-805] However, it is unclear whether emphysematous and fibrotic lesions progress independently or if one is the result of the development of the other. Therefore, physiological, pathological, and radiological heterogeneity may be characteristic of CPFE.

We hypothesized that mechanisms underlying lung-function impairment may differ between CPFE patients with and without airflow obstruction. In order to clarify this hypothesis, pulmonary function, including respiratory impedance evaluated using impulse oscillometry (IOS) and dynamic hyperinflation following metronome-paced incremental hyperventilation (MPIH), was retrospectively analyzed in CPFE OB^+^ and CPFE OB^−^ patients in comparison with that observed in chronic obstructive pulmonary disease (COPD) patients.

Subjects and methods
====================

Subjects
--------

This study details the retrospective analysis of 31 stable CPFE patients with concurrent emphysema and idiopathic diffuse parenchymal lung disease with fibrosis on chest high-resolution computed tomography (HRCT)[@b8-copd-9-805],[@b9-copd-9-805] who met our imaging criteria. These patients were seen at the outpatient clinic of Shinshu University Hospital between October 2009 and October 2012. The CPFE patients were divided into two groups according to the presence or absence of irreversible airflow obstruction based on spirometry (FEV~1~/FVC \<70% following inhalation of β~2~-agonists) as follows: CPFE OB^+^ group, n=11; CPFE OB^−^ group, n=20.

The CPFE patients were compared with 49 stable COPD patients who met our imaging criteria. These patients were seen at the outpatient clinic of Shinshu University Hospital between October 2009 and October 2012 (COPD group). The diagnosis of COPD was based on the clinical history and symptoms, including dyspnea during exercise and pulmonary function characterized by irreversible airflow obstruction (FEV~1~/FVC \<70% following inhalation of a β~2~-agonist), in accordance with GOLD (Global initiative for chronic Obstructive Lung Disease) guidelines.[@b10-copd-9-805]

Stable patients were defined as those who had not suffered from respiratory tract infections or exacerbation of COPD or pulmonary fibrosis during the preceding 3 months. This study was approved by the institutional research ethics committee of Shinshu University School of Medicine.

Imaging criteria
----------------

Emphysema and diffuse parenchymal lung disease with significant pulmonary fibrosis were evaluated using chest HRCT as previously described.[@b11-copd-9-805],[@b12-copd-9-805] Briefly, emphysema was scored visually in the bilateral upper, middle, and lower lung fields according to the methods of Goddard et al.[@b8-copd-9-805] The score for each of the six dimensions was calculated according to percentage of low-attenuation area (%LAA) in each lung field, as follows: score 0, %LAA \<5%; score 1, 5%≤ %LAA \<25%; score 2, 25%≤ %LAA \<50%; score 3, 50%≤ %LAA \<75%; and score 4, %LAA≥75%. The severity of emphysema was graded in accordance with the sum of the scores of the six dimensions, as follows: grade 0, total score 0; grade 1, total score 1--6; grade 2, total score 7--12; grade 3, total score 13--18; and grade 4, total score 19--24. The detection of diffuse parenchymal lung disease with significant pulmonary fibrosis on HRCT, defined as the presence of thick-walled bulla, honeycombing, reticular opacity, ground-glass opacity, consolidation, traction bronchiectasis, peribronchovascular interstitial thickening, and architectural distortion, was performed as previously described.[@b3-copd-9-805],[@b13-copd-9-805] The degree of pulmonary fibrosis was scored visually to grade the severity as previously described.[@b14-copd-9-805]

Computed tomography (CT) images were analyzed independently by two pulmonologists (YK and KF) with no knowledge of the patients' clinical information. CPFE patients were characterized by the coexistence of significant emphysema (grade 2 or more, %LAA ≥25%) and diffuse parenchymal lung disease with significant pulmonary fibrosis. COPD patients were characterized by the presence of significant emphysema (grade 2 or more, %LAA ≥25%) without significant pulmonary fibrosis.

Pulmonary function tests
------------------------

Spirometry and diffusing capacity of the lung for carbon monoxide (D~LCO~) were measured using the Chestac-8800 (Chest MI, Tokyo, Japan). Thoracic gas volume was measured using Body Box (MGC Diagnostics, Ann Arbor, MI, USA), after which the subject immediately inspired to total lung capacity (TLC) and expired maximally to residual volume (RV), allowing calculation of lung volumes and RV/TLC. Local Japanese reference data,[@b15-copd-9-805] developed by the Japanese Respiratory Society, were used to derive predicted values for FEV~1~ and vital capacity, while the predicted values for D~LCO~ and lung volumes (thoracic gas volume, RV, and TLC) measured by body plethysmography were determined using the formulas described by Nishida et al[@b16-copd-9-805] and Boren et al,[@b17-copd-9-805] respectively.

Respiratory impedance was measured using IOS (MasterScreen™ IOS; CareFusion, Höchberg, Germany), as previously described.[@b18-copd-9-805],[@b19-copd-9-805] Respiratory resistance (Rrs) and reactance (Xrs) at lower oscillation frequencies and Rrs at higher frequencies were evaluated at oscillation frequencies of 5 Hz (Rrs5 and Xrs5) and 20 Hz (Rrs20). We also measured the mean values of Xrs5 in separated inspiration and expiration of tidal breath, and evaluated the difference between the mean expiratory and inspiratory reactance (ΔXrs5).

Evaluation of dynamic hyperinflation following MPIH
---------------------------------------------------

Dynamic hyperinflation was evaluated using MPIH by incrementally increasing the respiratory rate to 20, 30, and 40 breaths/minute as per our previous reports.[@b20-copd-9-805],[@b21-copd-9-805] Inspiratory capacity (IC) was measured immediately after breathing at a resting respiratory rate for 30 seconds. The respiratory rate was increased to 20, 30, and 40 breaths/minute in 30-second increments, and IC was again measured immediately after MPIH for 30 seconds at each respiratory rate. IC at the resting respiratory rate was expressed as IC~at\ rest~. IC at rates of 20, 30, and 40 breaths per minute was expressed as IC~20~, IC~30~, and IC~40~, respectively. Dynamic hyperinflation was evaluated according to the decrease in IC from ICat rest to IC~20~, the decrease in IC from IC~at\ rest~ to IC~30~, and the decrease in IC from ICat rest to IC~40~.

Data analysis
-------------

The values shown in the text, figures, and tables represent the means ± standard error of the mean. The data distribution of the variables in the various groups was first assessed using Bartlett's test. When the data for the variables showed a normal distribution, they were compared using one-way analysis of variance, followed by multiple comparisons according to the Tukey--Kramer method. When the data for the variables did not show a normal distribution, the variables were compared using the Kruskal--Wallis test, followed by multiple comparisons among groups with the nonparametric Tukey--Kramer method. Simple correlations between variables were examined by calculating Pearson's product correlation coefficient. Categorical variables of the severity of pulmonary fibrosis on chest HRCT were evaluated using Fisher's exact test. All statistical analyses were performed using Windows-compatible software (StatFlex version 5.0; Artech Co., Ltd., Osaka, Japan). *P*-values less than 0.05 were considered to be significant in all statistical analyses.

Results
=======

Clinical characteristics and pulmonary function parameters of the CPFE OB^−^, CPFE OB^+^, and COPD groups are shown in [Table 1](#t1-copd-9-805){ref-type="table"}. In imaging findings, LAA scores on chest HRCT were significantly lower in the CPFE OB^−^ group than in the CPFE OB^+^ and COPD groups. Significantly more patients showed minimum pulmonary fibrosis in the CPFE OB^+^ group than in the CPFE OB^−^ group, which suggests that the severity of pulmonary fibrosis was greater in the CPFE OB^−^ group. In pulmonary function, percentage-predicted D~LCO~ was significantly lower in the CPFE OB^−^ and CPFE OB^+^ groups than in the COPD group. DLco corrected for alveolar volume (VA), (D~LCO~/VA). Percentage-predicted D~LCO~/VA was significantly lower in the CPFE OB^+^ group than in the CPFE OB^−^ and COPD groups. There was a significant correlation between LAA scores and D~LCO~/VA among all CPFE patients (*r*=−0.76, *P*=0.0003).

Rrs5, Rrs20, and Rrs5--Rrs20 were significantly lower in the CPFE OB^−^ group than in the COPD group ([Figure 1](#f1-copd-9-805){ref-type="fig"}). These parameters tended to be higher in the CPFE OB^+^ group than in the CPFE OB^−^ group, although there were no significant differences. Xrs5 was significantly less negative in the CPFE OB^−^ group than in the COPD group. ΔXrs5, indicating the difference in mean Xrs5 during the inspiration and expiration phases and representing easy collapsibility of small airways during expiration of the tidal breath, was significantly greater in the COPD group than in the CPFE OB^+^ group.

Dynamic hyperinflation following MPIH
-------------------------------------

IC at rest was significantly lower in the CPFE OB^−^ group than in the CPFE OB^+^ and COPD groups ([Figure 2](#f2-copd-9-805){ref-type="fig"}). Although there were no significant differences in IC~20~, IC~30~, and IC~40~ among the three groups, these parameters tended to be lower in the CPFE OB^−^ group. IC incrementally decreased as the respiratory rate was incrementally increased in the COPD group only. IC~rest-20~, IC~rest-30~ and IC~rest-40~, representing dynamic hyperinflation, had significantly more negative values in the COPD group than in the CPFE OB^−^ group ([Figure 3](#f3-copd-9-805){ref-type="fig"}). These variables tended to be more negative in the CPFE OB^+^ group than in the CPFE OB^−^ group, although there were no significant differences.

Discussion
==========

This is the first report to evaluate pulmonary function impairment in CPFE patients divided into two groups according to the presence or absence of airflow obstruction based on spirometry. LAA scores, representing the degree of emphysema on chest HRCT, were significantly higher in the CPFE OB^+^ group than in the CPFE OB^−^ group. In contrast, more patients showed minimum pulmonary fibrosis in the CPFE OB^+^ group than in the CPFE OB^−^ group. Impairment of diffusion capacity was severe in both the CPFE OB^−^ and CPFE OB^+^ groups. Neither lung hyperinflation nor respiratory resistance were apparent in the CPFE OB^−^ group. Easy collapsibility of small airways during expiration of the tidal breath, expressed as ΔXrs5, was not apparent in the CPFE OB^+^ group compared with the COPD group. Dynamic hyperinflation following MPIH expressed as IC~rest-20~, IC~rest-30~, and IC~rest-40~ was significantly greater in the COPD group than in the CPFE OB^−^ group and also tended to be greater in the CPFE OB^+^ group than in the CPFE OB^−^ group.

We found that the proportions of emphysema and pulmonary fibrosis on chest HRCT were different between the CPFE OB^+^ and CPFE OB^−^ groups in the present study. There is a possibility that CPFE is associated with clinical phenotypes that can be classified according to the findings on chest HRCT. That is to say, CPFE may be classified into the "emphysema-dominant" phenotype or the "fibrosis-dominant" phenotype, which may involve different mechanisms underlying pulmonary function impairment, such as irreversible airflow obstruction and dynamic hyperinflation. These findings may thus allow us to significantly improve our understanding of radiological and physiological heterogeneity of CPFE.

Our previous study revealed that the annual decrease in D~LCO~ and D~LCO~/VA was greater in CPFE patients than in COPD patients.[@b13-copd-9-805] Longitudinal changes in D~LCO~ have been shown to have prognostic value in patients with idiopathic pulmonary fibrosis.[@b22-copd-9-805]--[@b25-copd-9-805] These findings suggest that it is helpful to measure longitudinal changes in D~LCO~/VA as a prognostic predictor in CPFE patients. Indeed, severe D~LCO~/VA reduction is frequently related to pulmonary hypertension,[@b26-copd-9-805] which is often observed in CPFE patients.[@b1-copd-9-805],[@b27-copd-9-805] The presence of pulmonary hypertension is a critical determinant of the prognosis of CPFE.[@b1-copd-9-805],[@b28-copd-9-805] In the present study, D~LCO~/VA was significantly lower in the CPFE OB^+^ group. We also found a significant correlation between D~LCO~/VA and the degree of emphysema on chest HRCT among all CPFE patients. These findings suggest that CPFE OB^+^ patients with more emphysema have worse survival than CPFE OB^−^ patients. Further studies are needed to investigate the association between survival and airflow obstruction in CPFE patients.

The parameters of respiratory impedance measured using IOS were relatively normal in the CPFE OB^−^ group, despite the presence of emphysema, compared with those observed in the healthy control group in our previous study.[@b19-copd-9-805] Interestingly, in the present study, ΔXrs5 was significantly lower in the CPFE OB^+^ group than in the COPD group, despite the presence of more emphysema, whereas Rrs5, Rrs20, and Rrs5--Rrs20 tended to be higher in the CPFE OB^+^ group than in the CPFE OB^−^ group. When airflow obstruction is present, the oscillatory signal cannot pass through the choke points to reach the alveoli,[@b29-copd-9-805] resulting in a marked reduction in apparent compliance; therefore, the value of Xrs5 changes to be more negative physiologically in COPD patients.[@b30-copd-9-805] ΔXrs5 has been suggested to reflect the number and distribution of choke points within the bronchial tree, representing the overall distribution of expiratory flow limitation during tidal breathing in COPD patients.[@b31-copd-9-805]--[@b33-copd-9-805] These findings suggest that increased traction caused by pulmonary fibrosis prevents airway collapsibility during expiration of the tidal breath as a result of loss of alveolar attachment and elastic recoil at the site of small airways in CPFE patients. ΔXrs5 may be a useful indicator for making a diagnosis of CPFE and evaluating the extent of fibrotic component in CPFE physiologically.

The parameters of dynamic hyperinflation following MPIH were relatively normal in the CPFE OB^−^ group, despite the presence of emphysema, compared with those observed in the healthy control group in our previous study,[@b20-copd-9-805] suggesting that dynamic hyperinflation is not associated with pulmonary function impairment in CPFE OB patients without airflow obstruction. However, there is a possibility that dynamic hyperinflation is associated with pulmonary function impairment in some CPFE OB^+^ patients as well as in COPD patients. Further studies involving a larger number of patients are needed to confirm the present results. On the other hand, a previous study revealed that pulmonary hypertension is often observed in CPFE patients,[@b1-copd-9-805],[@b27-copd-9-805]--[@b28-copd-9-805] and is associated with dyspnea during exercise and/or decreased exercise tolerance in CPFE patients.[@b28-copd-9-805] Pulmonary hypertension may thus influence pulmonary function impairment in CPFE patients. Indeed, severe D~LCO~/VA reduction is frequently related to pulmonary hypertension.[@b26-copd-9-805]

There were several limitations in this study. First, this was a single-center, uncontrolled-design retrospective study with a lack of statistical power, as the sample size was small in the CPFE OB^+^ group (n=11). This study was performed to reveal that CPFE is a heterogeneous disease and has distinct phenotypes physiologically, in spite of the small sample size. Additional prospective studies with large sample sizes are required to confirm our results. Second, the assessment of emphysema on chest HRCT was performed according to a visual scoring method, rather than software-based quantification of the degree of emphysema. However, the reproducibility of visual scoring was demonstrated in our previous report.[@b12-copd-9-805] In addition, we did not measure the exact areas of fibrosis on chest HRCT. CPFE was diagnosed according to our criteria as previously described.[@b3-copd-9-805],[@b13-copd-9-805] Third, the differences in pharmacotherapy between the CPFE and COPD groups might have influenced the results.

In conclusion, the mechanisms underlying impairment of physiological function may differ among CPFE OB^+^ patients, CPFE OB^−^ patients, and COPD patients. CPFE is a heterogeneous disease, and may have distinct phenotypes physiologically and radiologically.
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![Respiratory impedance in the CPFE OB^−^, CPFE OB^+^, and COPD groups.\
**Notes:** \**P*\<0.05, \*\**P*\<0.01 versus COPD. Values are means ± standard error of the mean.\
**Abbreviations:** CPFE, combined pulmonary fibrosis and emphysema; OB-, without airflow obstruction; OB^+^, with airflow obstruction; COPD, chronic obstructive pulmonary disease; Rrs5, respiratory resistance at 5 Hz; Rrs20, respiratory resistance at 20 Hz; Xrs5, respiratory reactance at 5 Hz; △Xrs5, within-breath changes in Xrs5.](copd-9-805Fig1){#f1-copd-9-805}

![Inspiratory capacity as the respiratory rate was incrementally increased in the CPFE OB^−^, CPFE OB^+^, and COPD groups.\
**Notes:** Dynamic hyperinflation following metronome-paced incremental hyperventilation in the combined pulmonary fibrosis and emphysema (CPFE) without airflow obstruction (OB^−^), with airflow obstruction (CPFE OB^+^), and chronic obstructive pulmonary disease (COPD) groups. Inspiratory capacity (IC) from resting respiratory rate to rates of 20, 30, and 40 breaths per minute. \*\**P*\<0.01 versus COPD; ^†^*P*\<0.05 versus CPFE OB^+^. Values are means ± standard error of the mean.](copd-9-805Fig2){#f2-copd-9-805}

![Decrease in inspiratory capacity from resting respiratory rates to the rate of 20, 30, and 40 breaths per minute, representing dynamic hyperinflation, in the CPFE OB^−^, CPFE OB^+^, and COPD groups.\
**Notes:** Dynamic hyperinflation following metronome-paced incremental hyperventilation in the combined pulmonary fibrosis and emphysema (CPFE) without airflow obstruction (OB^−^), with airflow obstruction (CPFE OB^+^), and chronic obstructive pulmonary disease (COPD) groups. Decrease in inspiratory capacity (IC) from resting respiratory rate to rates of 20, 30, and 40 breaths per minute. \**P*\<0.05, \*\**P*\<0.01 versus COPD. Values are means ± standard error of the mean.](copd-9-805Fig3){#f3-copd-9-805}

###### 

Characteristics of the combined pulmonary fibrosis and emphysema (CPFE) without airflow obstruction (OB^−^), with airflow obstruction (CPFE OB^+^), and chronic obstructive pulmonary disease (COPD) groups

                                                 CPFE OB^−^ (n=20)                                                                                    CPFE OB^+^ (n=11)                                         COPD (n=49)
  ---------------------------------------------- ---------------------------------------------------------------------------------------------------- --------------------------------------------------------- -------------
  Age, years                                     67.8±2.2                                                                                             73.6±1.9                                                  70.9±1.1
  Sex, male/female                               20/0                                                                                                 11/0                                                      44/5
  BMI, kg/m^2^                                   23.8±0.5[\*](#tfn1-copd-9-805){ref-type="table-fn"}                                                  22.6±0.9                                                  21.9±0.5
  LAA score on chest HRCT                        11.0±1.2[\*\*](#tfn2-copd-9-805){ref-type="table-fn"},[††](#tfn4-copd-9-805){ref-type="table-fn"}    19.5±1.4                                                  16.2±1.0
  Severity of pulmonary fibrosis on chest HRCT                                                                                                                                                                  
   Minimum                                       7 (35%)[†](#tfn3-copd-9-805){ref-type="table-fn"}                                                    8 (72.7%)                                                 NA
   Moderate                                      8 (40%)                                                                                              2 (18.2%)                                                 NA
   Severe                                        5 (25%)                                                                                              1 (9.1%)                                                  NA
  Pulmonary function                                                                                                                                                                                            
   VC, % of predicted                            91.6±5.2[†](#tfn3-copd-9-805){ref-type="table-fn"}                                                   108.8±3.4                                                 97.0±2.6
   FEV~1~, L                                     2.43±0.12[\*\*](#tfn2-copd-9-805){ref-type="table-fn"},[††](#tfn4-copd-9-805){ref-type="table-fn"}   1.79±0.13                                                 1.53±0.09
   FEV~1~, % of predicted                        87.1±4.9[\*\*](#tfn2-copd-9-805){ref-type="table-fn"},[††](#tfn4-copd-9-805){ref-type="table-fn"}    64.9±4.4                                                  64.3±3.0
   FEV~1~/FVC, %                                 79.5±1.5[\*\*](#tfn2-copd-9-805){ref-type="table-fn"},[††](#tfn4-copd-9-805){ref-type="table-fn"}    52.7±3.5                                                  52.5±1.7
   RV, % of predicted                            82.9±7.2[\*\*](#tfn2-copd-9-805){ref-type="table-fn"},[††](#tfn4-copd-9-805){ref-type="table-fn"}    143.9±16.9[\*\*](#tfn2-copd-9-805){ref-type="table-fn"}   198.0±9.6
   TLC, % of predicted                           83.0±5.0[\*\*](#tfn2-copd-9-805){ref-type="table-fn"},[††](#tfn4-copd-9-805){ref-type="table-fn"}    116.8±6.6                                                 125.3±3.3
   RV/TLC, %                                     32.0±2.2[\*\*](#tfn2-copd-9-805){ref-type="table-fn"},[†](#tfn3-copd-9-805){ref-type="table-fn"}     40.6±2.4[\*\*](#tfn2-copd-9-805){ref-type="table-fn"}     51.6±1.4
   D~LCO~, % of predicted                        39.0±3.8[\*\*](#tfn2-copd-9-805){ref-type="table-fn"}                                                38.6±6.2[\*\*](#tfn2-copd-9-805){ref-type="table-fn"}     60.0±2.7
   D~LCO~/VA, % of predicted                     71.9±7.1[††](#tfn4-copd-9-805){ref-type="table-fn"}                                                  42.3±5.4[\*\*](#tfn2-copd-9-805){ref-type="table-fn"}     71.9±3.4

**Notes:**

*P*\<0.05 and

*P*\<0.01 versus COPD

*P*\<0.05 and

*P*\<0.01 versus CPFE OB^+^. Values are means ± standard error of the mean.

**Abbreviations:** BMI, body mass index; LAA, low attenuation area; HRCT, high-resolution computed tomography; FEV~1~, forced expiratory volume in 1 second; FVC, forced vital capacity; RV, residual volume; TLC, total lung capacity; D~LCO~, diffusing capacity of lung for carbon monoxide; D~LCO~/VA, D~LCO~ corrected for alveolar volume; NA, not applicable; VC, vital capacity.
